Turtle vomeronasal receptor neurons in slice preparations were studied using the patch-clamp technique in the whole-cell and cell-attached configurations.
Turtle vomeronasal receptor neurons in slice preparations were studied using the patch-clamp technique in the whole-cell and cell-attached configurations.
The mean resting potential was -48, and the response to an injected current step consisted of either a single spike or a train of spikes. An injected current of 3-30 pA was required to depolarize the neuron to spike threshold near -50 mV. Voltage-clamped vomeronasal receptor neurons displayed transient inward currents followed by sustained outward currents in response to depolarizing voltage steps. In cell-attached recordings, 10 PM forskolin added to the bath caused a transient increase of spike rate. Intracellular application of CAMP evoked an inward current in a dose-dependent manner from the neurons voltage clamped at -70 mV; 0.1 mM CAMP was sufficient to elicit an inward current in the neurons. The magnitude of the response to CAMP reached a plateau at 1 mM with an average peak amplitude of 176 + 34 pA. Intracellular application of 1 mM cGMP also evoked an inward current with an average peak amplitude of 227 + 61 pA. The reversal potentials of the induced components were estimated to be 10 ? 7 mV for CAMP and -4 + 16 mV for cGMP. The reversal potential of the CAMP-induced current in external Cl--free solution was similar to that in normal Ringer's solution, suggesting that Cl-current is not significantly involved in the current. The present results represent the first evidence of cyclic nucleotide-activated conductance in the vomeronasal receptor membranes.
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The vomeronasal organ is a chemoreceptor system located at the base of the nasal septum of most terrestrial vertebrates. Whereas the olfactory receptor neurons have several long cilia, vomeronasal receptor neurons lack cilia and possess microvilli (Graziadei and Tucker, 1970; Hatanaka et al., 1982) . The organ plays an important role in the execution of several species-typical behaviors, including those involved in feeding, social interaction, and reproduction (Powers and Winans, 1975; Rajendren and Dominic, 1985; Halpern, 1987; Wysocki and Meredith, 1987) . Recently, Luo et al. (1994) tentatively identified G-proteins (Gs, Gi, and Go) in the vomeronasal tissue membrane preparations of garter snakes using immunoreactivity and ADP-ribosylation techniques and showed that both GTPyS and forskolin increased the CAMP level in the neurons.
Despite these studies of their biological functions and biochemical properties, the electrophysiological properties of the vomeronasal receptor neurons have been examined only in the frog (Trotier et al., 1993) . In the frog, voltage-activated Naf and Kt currents, a calcium-activated voltage-dependent K+ current, and a voltage-dependent Cazt current were observed, and action potentials were elicited by depolarizing injected current pulses in the range of 2-10 pA. Application of CAMP to the frog vomeronasal receptor neurons failed to elicit a membrane current. Hence, no electrophysiological study has demonstrated the involvement of a CAMP-mediated pathway in the transduction process in vomeronasal receptor neurons.
In the present study, we examined the electrophysiological features of turtle vomeronasal receptor neurons using whole-cell and cell-attached patch-clamp techniques. Intracellular dialysis of CAMP or cGMP into the neurons elicited a prolonged inward current. The present results represent the first clear evidence of cyclic nueleotide-activated conductance in the membrane of the vomeronasal receptor neurons. 
MATERIALS AND METHODS

RESULTS
Cell morphology
Transverse sections of the nasal cavity showed that the olfactory mucosa occupied the dorsal region and that the vomeronasal mucosa was located in the ventral region (Fig. 1) . Vomeronasal receptor neurons are bipolar and have microvilli (Graziadei and Tucker, 1970; Hatanaka et al., 1982) . The microvilli could not be identified with the optics used for viewing the electrophysiological preparations because they are only 100 nm in diameter (Hatanaka et al., 1982) . Several microvilli (-100 nm in diameter) extending from the terminal ends of the dendrite of receptor neurons could be seen by scanning electron microscopy ( Fig. 10) . Hatanaka and Hanada (1987) reported that three layers of supporting cells, receptor cells, and basal cells could be distinguished in transverse sections of the vomeronasal mucosa. Although these layers could not be distinguished clearly in transverse sections of our preparations, a layer rich in cell bodies having bipolar or ovoid shape was observed. Cells in this layer dialyzed with 1% Lucifer yellow had a morphology characteristic of vomeronasal receptor neurons (Fig. 2) . A dendrite of the dialyzed cell projected to the epithelial surface where it terminated in a knob-like structure. All of these cells (n = 12) presented voltage-dependent currents similar to those shown in Figure 3. In addition, cyclic nucleotide-induced current was simultaneously observed in four of five of these cells. We examined electrical properties of bipolar and ovoid neurons located in this layer in the slices.
Resting potential With normal internal solution in the pipette, turtle vomeronasal receptor neurons maintained resting potentials ranging from -33 to -72 mV (-48 ? 1 mV; IZ = 41). The input resistance was measured from the responses to injected currents of 1 set ranging from -20 to +20 pA in 20 pA increments applied at the holding potential of -70 mV and ranged from 0.7 to 2.8 GR (1.7 ? 0.1 GR; n = 14).
Voltage responses to injected current In current-clamp recordings, the membrane potentials of the neurons were maintained at -70 mV by injecting hyperpolarizing current.
Step depolarization induced by stimulus current from a holding current produced an action potential (Fig. 3A) . Twentyfive of 30 (83%) neurons fired one to several action potentials in response to current steps of (30 pA from the conditioning current that maintains the membrane potential at approximately -70 mV. The threshold for action potential generation in vomeronasal receptor neurons was commonly between -4.5 and -61 mV with a mean threshold potential of 50 t 2 mV. A variety of spiking patterns was seen, ranging from neurons that fired only a single action potential for any suprathreshold stimulus (data not shown) to those that generated brief trains of action potentials. In the example shown in Figure 3B , the action potentials were generated repetitively in response to a depolarizing current pulse of 23 pA. Neurons required current injection varying from only 3 pA to 30 pA to depolarize to spike threshold (data not shown), suggesting that vomeronasal receptor neurons in turtle are highly sensitive to injected currents similar to those in the frog (Trotier et al., 1993) .
Whole-cell current Figure 3C shows the two major currents elicited by depolarizing steps of voltage from a holding potential of -70 mV. A transient inward current activated at -40 mV became larger, faster, and more transient with higher depolarizing steps reaching up to 1 nA at -20 mV. The current-voltage (1-v) curves taken at the peak of the inward current and during the sustained portion of the outward current are shown in Figure 30 . Outward currents were activated near -40 mV and display inactivation during a 60 msec step.
Increase in impulse frequendy in response to forskolin To examine whether there is a CAMP-mediated signal transduction pathway in the vomeronasal receptor neurons, the responses to forskolin, a direct activator of adenylyl cyclase, were recorded in turtle vomeronasal receptor neurons using the cell-attached configuration. As shown in Figure 4A , before application of 10 pM forskolin, the vomeronasal receptor neurons generate spikes spontaneously with very low frequency (3 impulses per 10 set interval). After the application, spike rate became higher (46 impulses per 10 set interval). Forskolin induced such increases in spike frequency in four of six neurons. After the epithelium was washed with normal Ringer's solution, reapplication of forskolin increased impulse frequency in three of four neurons. These There is a ridge-like structure indicated by arrowheads in the middle portion of the cavity. This ridge-like structure entirely separates the vomeronasal mucosa from the olfactory mucosa. That is, the olfactory mucosa occupied the dorsal region and the vomeronasal mucosa was located in the ventral region. These two types of mucosa could be distinguished easily from their surface structure. EN, External nares; ZN, internal nares; OM, olfactory mucosa; K&4, vomeronasal mucosa. Lateral aspect of vomeronasal epithelium (C) and detailed view of microvilli at terminals of dendrites (0). The dendrites of receptor neurons extended from round soma to the mucosal surface through the supporting cell layer, and their terminals were a little swollen. The higher-magnification scanning micrograph (0) taken from the same field as that in C clearly demonstrates that the terminals of the receptor neuron dendrites possess a number of microvilli. D, receptor neuron dendrite; M, microvilli of the receptor neuron.
results suggested the existence of adenylyl cyclase and CAMPdependent ion channels in the vomeronasal receptor neurons.
Transient inward current induced by CAMP
To confirm the existence of CAMP-dependent conductance in vomeronasal receptor neurons, CAMP was introduced into a proximal part of the dendrite or a part of the cell soma using wholecell configuration. Figure 4B shows the currents induced by intracellular dialysis of CAMP at varying concentrations into vomeronasal receptor neurons. When the pipette was filled with a CAMP-free inner solution, the neurons held a steady baseline over the test interval of -3-10 min after membrane rupture. On the other hand, introduction of CAMP into the neurons evoked prolonged inward currents within a few seconds after membrane rupture. The magnitudes of the responses to CAMP introduced intracellularly increased with increases in their concentrations. In the present study, 30 neurons were stimulated by 1 mM CAMP. Twenty-one neurons (70%) displayed an increase in the inward current with adaptation of current after the peak response. The amplitude of the inward current induced by CAMP varied from 0 to 756 pA (176 t 34 pA, 12 = 30). The dispersion in the current amplitudes probably reflects cellular differences. In some neurons, the CAMP-induced current was not adapted. The data obtained from these neurons were excluded because it was unclear whether the current observed represented an inward current induced by CAMP or artificial leakage. We also excluded the data obtained from these cells that made no response to depolarizing voltage steps from a holding potential of -70 mV after or before intracellular dialysis of cyclic nucleotides. Kashiwayanagi et al. (1994) applied 1 mM CAMP into turtle olfactory neurons and observed induction of an inward current with an average peak amplitude of 252 t 30 pA (n = 31). Thus, the magnitude of the response induced by CAMP in the turtle vomeronasal receptor neurons was similar to that in the turtle olfactory neurons. The time-to-peak for the response of the vomeronasal neurons varied from 5 to 102 set (28 + 5 set; n = 30). This time was slower than that for the CAMP-induced response of the newt olfactory neurons (near 4 set) (Kurahashi, 1990) , but similar to that of turtle olfactory neurons (26 ? 4 set; n = 22) (Kashiwayanagi et al., 1994) . Figure 4C shows the magnitudes of the responses induced by intracellular application of CAMP plotted as a function of CAMP concentration. The present method of nucleotide application allowed administration of only a single dose to each neuron. The cumulative results from many neurons are shown in Figure 4C . The currents started to appear between 0 and 0.1 IIIM, increased with increasing CAMP concentrations, and reached a plateau at 1 mM. This dose dependence was similar to that reported previously in isolated olfactory neurons of the newt (Kurahashi, 1990) and turtle (Kashiwayanagi and Kurihara, 1995).
Voltage dependence of CAMP-induced response
The Z-I, relationships were examined by applying a voltage ramp from -70 to +50 mV (480 mV/sec) to voltage-clamped vomeronasal neurons before, during, and after the response induced by CAMP. The Z-I, relationship measured before the response induced by intracellular dialysis of CAMP into neurons was similar to that measured in control cells with normal internal solution (data not shown). As shown in Figure 5 , the slope of the Z-V curve measured during the CAMP-induced response was steeper than that measured before the response, indicating that CAMP increases the membrane conductance. Because a voltage-sensitive current is activated near -40 mV as shown in Figure 3 , we estimated the reversal potential of the CAMP-induced current from the intersection of the lines that were fitted by least-squares regression through the points involved in straight part of the traces at negative membrane potentials less than -40 mV. The reversal potential was estimated to be 10 t 7 mV (n = 12), which was more positive than the potentials observed with isolated newt olfactory neurons (Kurahashi, 1990) , patch membranes excised from the cilia of the frog (Nakamura and Gold, 1987) , and olfactory knob of the frog and rat (Frings et al., 1992) . Under the experimental conditions used in Figure 5 , the reversal potentials for nonspecific cationic channels are similar Resting level of this neuron was -70 mV and threshold was near -55 mV. B, Viltage response of the same neuron to a current step of 23 pA. In every case in which the action potentials were generated repetitively, the interval between the few spikes increased with each subsequent spike (n = 3). Bottom truces show the corresponding current pulse. C, Typical whole-cell currents in a vomeronasal receptor neuron in a slice preparation in response to voltage steps.
Step levels are shown in the bottom truces. Transient inward and delayed outward currents were elicited in response to 60 msec voltage steps between -100 and 60 mV in 20 mV increments from a holding potential of -70 mV. D, I-V relationships of peak inward currents (open circles) and 60 msec after the onset of the voltage step during the sustained plateau of the outward current (filled circles) measured from the records in C. The pipette contained normal internal solution, and the bath contained Ringer's solution.
to those for chloride channels. Therefore, it is possible that chloride current is involved in the CAMP-induced response. We checked involvement of chloride in the CAMP-induced response in the turtle vomeronasal neurons. As shown in Figure  6 , bathing the neurons in an external solution containing no Cll had little effect on CAMP-evoked inward currents. The mean peak amplitude of the current induced by 1 mM CAMP was reduced slightly from 176 ? 34 pA (n = 30) to 1.54 ? 44 pA (n = 10). The mean reversal potential of the CAMP-evoked current was estimated to be -10 ? 8 mV (n = 6). The reversal potential in Cl--free Ringer's solution was smaller than that in normal Ringer's solution but statistically not significant. The results suggest that chloride current is not involved significantly in the CAMP-induced response. Figure 7 shows the currents induced by intracellular dialysis of cGMP of varying concentrations into vomeronasal receptor neurons. cGMP was introduced in the same manner as CAMP. Application of 1 mM cGMP to the neurons evoked inward currents within a few seconds after membrane rupture in 8 of 10 (80%) neurons. The amplitude of the inward current induced by cGMP varied from 0 to 555 pA (227 ? 61 PA). The data obtained from the neurons in which the cGMP-induced current was not adapted were excluded. The time-to-peak for the response of the vomeronasal neurons varied from 4 to 55 set (28 t-7; n = S), similar to that for the CAMP-induced response. Figure 7C shows the voltage dependence of the cGMP-induced currents examined by applying a voltage ramp from -100 to -C 60 mV (43.7 mV/sec) to voltage-clamped neurons during and after the response induced by 1 mM cGMP. The slope of the I-I/curve measured during the cGMP-induced response was steeper than that measured after the response, suggesting that cGMP increases membrane conductance. The reversal potential was estimated to be -4 ? 16 mV (n = 5) and was similar to that observed in response to intracellular application of CAMP as shown in Figure  5 .
To examine whether CAMP and cGMP activate the same conductance in vomeronasal receptor neurons, an internal solution containing CAMP and cGMP at 1 mM each was dialyzed into the neurons and the evoked current response was measured. Simultaneous intracellular dialysis of CAMP and cGMP into the neurons elicited an inward current in 19 of 29 neurons (data not shown). The mean amplitude of the response induced by simultaneous intracellular dialysis of CAMP and cGMP at 1 mM each was 205 -' 47.5 pA, which was similar to that induced by intracellular dialysis of 1 mM CAMP or cGMP alone.
DISCUSSION
Electrophysiological
properties of the turtle vomeronasal receptor neurons The mean resting potential of turtle vomeronasal receptor neurons was -48 mV, less negative than that of these cells in frog, which was reported to be approximately -61 mV (Trotier et al., 1993) . In olfactory neurons of the frog (Trotier, 1986 ), salamander (Fire-stein and Werblin, 1987 ), newt (Kurahashi and Shibuya, 1990 , and rat (Okada et al., 1994 ) the resting potentials were -40, -55, -44, and -48 mV, respectively. Thus, it appears that turtle vomeronasal receptor neurons have similar resting potentials to olfactory neurons of other species. Input resistance of the receptor neurons that were observed in this study was near 1.7 G0. This value is slightly lower than that of olfactory neurons, which was reported to be near 2-10 Go (Firestein and Werblin, 1987; Trotier et al., 1993; Okada et al., 1994 ) but it is not significantly different.
The present results showed that the transient inward currents activated at -40 mV reached a peak at approximately -20 mV (Fig. 3) followed by sustained outward currents that were activated at -40 mV and slightly inactivated. These properties are similar to those measured in isolated frog vomeronasal receptor and the outward currents were identified tentatively as Nat and Kf currents, respectively.
The properties of the transient inward currents measured in turtle vomeronasal receptor neurons also were consistent with those measured in rat olfactory neurons (Okada et al., 1994) , rat olfactory neurons in culture (Trombley and Westbrook, 1991) , and salamander olfactory neurons (Firestein and Werblin, 1987) . Outward currents observed in the ,present study displayed a voltage dependence similar to those found in isolated rat olfactory neurons (Lynch and Barry, 1991; Trombley and Westbrook, 1991; Rajendra et al., 1992; Okada et al., 1994) .
As a result of the high input resistance of the turtle vomeronasal receptor neurons, an injected current of only 3 pA was required to reach spike threshold. This is similar to the case of frog vomeronasal neurons (Trotier et al., 1993) . The sensitivity of the turtle vomeronasal receptor neurons to injected currents also was comparable to that of the rat olfactory neurons (Lynch and Barry, 1989 In the neurons, CAMP induced an inward current accompanied by an increase in conductance (Fig. 5) . The reversal potential of the CAMP-induced current was membrane potential (mV) Figure 5 . Whole-cell Z-V relationships for the current evoked by intracellular application of 0.5 mM CAMP. The current was measured by applying a voltage ramp (480 mV/sec) from -70 to +50 mV before, during, and after the response induced by 0.5 mM CAMP. These traces were obtained from the same cell. The inset shows the record of the CAMP-induced response of this cell under whole-cell voltage-clamp conditions at -70 mV. The current transients were produced by voltage ramps (480 mV/sec) from -70 to +50 mV. The reversal potential of the current induced by intracellular application of 0.5 mM CAMP to this neuron was estimated to be -16.5 mV. that the CAMP-induced current found in this study is evoked via cation nonspecific cyclic nucleotidc-gatcd channels. Intracellular dialysis of cGMP into the turtle vomeronasal receptor neurons also elicited inward currents similar to CAMP with regard to the peak amplitude and the reversal potential of the responses. In addition, the mean amplitude of the response induced by simultaneous intracellular dialysis of 1 mM CAMP and 1 mM cGMP into turtle vomeronasal receptor neurons was similar to that induced by CAMP or cGMP at the concentration of 1 rnq at which the CAMP-induced response reached a plateau. These results suggest that the two nucleotides that act on the same channels as seen in cyclic nuclcotidc-gatcd channels found in turtle vomcronasal arc similar to those found in many vcrtcbrate olfactory neurons (Troticr and MacLcod, lY86; Nakamura and Gold, 1987; Suzuki, 198'9; Bruch and Tectcr, 1990;  Fircstcin ct al., 1YY 1; Frings et al., lYY2). In the frog, intracellular dialysis of CAMP into vomcronasal receptor neurons failed to elicit a mcmbranc current (Trot& et al., lYY3). The disagreement between the results of this previous and the present study may have been attributable to the dXerence in species of animal used. Alternatively, the discrepancy may have been attributable to the diffcrcnccs in the type of preparation used; we examined neurons in slice preparations, whereas Trotier ct al. (1994) used cnzymatically isolated vomcronasal neurons. It is possible that enzymatic dissociation of the neurons inflicts unintentional damage on channel activities. In the turtle vomeronasal organ, neither a chemoattractant nor a substance that activates the CAMP cascade has been identified. Therefore, the biological roles of CAMP channels found in the present study arc unknown. III the garter snake, the chcmoattractant ES20 (Jiang ct al., 1990) was suggcstcd to couple with the G-proteins Gs, Gi, and Go (Luo et al., 1994 
